Retroviral integrase can efficiently utilise nucleosomes for insertion of the reverse-25 transcribed viral DNA. In face of the structural constraints imposed by the nucleosomal 26 structure, integrase gains access to the scissile phosphodiester bonds by lifting DNA off the 27 histone octamer at the site of integration. To clarify the mechanism of DNA looping by 28 integrase, we determined a 3.9 Å resolution structure of the prototype foamy virus intasome 29 engaged with a nucleosome core particle. The structural data along with complementary 30 single-molecule Förster resonance energy transfer measurements reveal twisting and sliding 31 of the nucleosomal DNA arm proximal to the integration site. Sliding the nucleosomal DNA 32 by approximately two base pairs along the histone octamer accommodates the necessary 33 DNA lifting from the histone H2A-H2B subunits to allow engagement with the intasome.
Introduction 39 40
Integration of the reverse-transcribed retroviral genome into a host-cell chromosome is 41 catalysed by integrase (IN), an essential viral enzyme (reviewed in 1 ). To carry out its nucleosomal DNA cleavage at the site of integration ( Figure 1B) 
121
Intasome engages nucleosomal DNA non-symmetrically at two distinct sites: at the strand 122 transfer site as well as at the opposing gyre, which nestles in the cleft between one catalytic 123 and one outer IN subunit (Figure 1A) . Near 
128
revealing close proximity between positively charged Lys-9 and Arg-11 on H2A and the 129 catalytically competent IN C-terminal domain (Figure 2A) . Coherently, we observe that 130 complex formation is reduced with an NCP containing a histone H2A truncation of the first Figure 2) . A second challenge was presented by 160 the asymmetry of the D02 DNA sequence, which leads to the strongly preferred intasome 161 capture at one side of the NCP 15 . Thus, to describe any intasome-dependent sliding along 162 the histone octamer, we first had to reconstruct the D02 NCP avoiding two-fold averaging.
163
However, both the histone octamer and the DNA backbone contain a prominent two-fold 164 symmetric character, which strongly influence particle alignment and prevent asymmetric 165 reconstruction. To facilitate asymmetric particle alignment, we introduced a biotin moiety on 166 the end of the DNA arm distal from the integration site and decorated NCPs with streptavidin 167 ( Figure 3A) . Critically, streptavidin attachment did not affect NCP stability, nor the ability of 168 intasome to integrate into NCPs (Supplementary Figure 2) . Crosslinked D02 NCPs,
169
imaged by cryo-EM and analysed by two-dimensional (2D) averaging, revealed multiple 170 views of the coin-shaped NCP assemblies ( Figure 3B ). Particles appeared decorated by 171 diffuse density projecting from one DNA arm, which we assigned to streptavidin. Free 172 streptavidin particles (~75 kDa) could also be identified amongst the 2D class averages 173 ( Supplementary Figure 3) . Next, we used single-particle reconstruction to determine the As the streptavidin is linked to the 5' end of a distal DNA arm, it is less ordered than the 176 rest of the assembly, and appears not to be engaged in any stabilising interaction with the 186 the interaction (also see Figure 2B and C).
NCP core (Figure 3C and Supplementary Figure 3) . Therefore, streptavidin helps align 188 particles asymmetrically while seemingly not interfering with the NCP structure.
189
Originally selected from a genome-wide screen for strong intasome interactors, the D02
190
DNA sequence allowed isolation of a mono-disperse intasome-NCP complex 15 
239
We focused our analysis on the 0.95 FRET group, as any shift in nucleosomal DNA register 240 would cause more pronounced changes in FRET efficiency in this population. In all tested 241 conditions, FRET efficiency was stable, with a minor population (~10%) of traces exhibiting 242 slight changes in FRET intensity (Figure 5C and Supplementary Figure 7B ).
243
Supplementing the NCP with intasome or Mg 2+ did not result in any significant FRET change
244
( Figure 5D and 5E). However, when strand transfer was induced by adding both intasome 245 and Mg 2+ (Supplementary Figure 7) , 
301
At this site, histone H3 element L1 holds the sugar-phosphate backbone in place, preventing 302 any further downstream shift in DNA register (Figure 4B and Supplementary Movie 1) . 
384
The D02 NCP biotin-streptavidin complex was gently cross-linked with 0.05% glutaldehyde 385 at room temperature for 5 minutes, prior to quenching with 50 mM TrisHCl pH 7.5. the 
422
For the D02-NCP-Streptavidin and Widom 601 NCP datasets (Supplementary Figures 3-5) 423 all micrographs were motion-corrected using MotionCorr2 using all frames (D02-NCP-
424
Streptavidin) or removing the first frame (Widom 601 NCP). CTF parameters were estimated using Gctf 62 and poor micrographs were discarded. Particles were picked in RELION-2.1 426 using reference classes obtained from a manually-picked, 50-micrograph dataset. Two 427 rounds of 2D classification were performed to discard poorly averaging particles. 3D 
474
DNA was generated by PCR, using oligos containing Biotin-TEG-C18 and Cy3 modifications 475 attached to the 5' termini. The PCR product was purified as described above. Nucleosomes 476 were reconstituted as described above. 
